The transmembrane semaphorin Sema-1a acts as both a ligand and a receptor to regulate axon-axon repulsion during neural development. Pebble (Pbl), a Rho guanine nucleotide exchange factor, mediates Sema-1a reverse signaling through association with the N-terminal region of the Sema-1a intracellular domain (ICD), resulting in cytoskeletal reorganization. Here, we uncover two additional Sema-1a interacting proteins, varicose (Vari) and cheerio (Cher), each with neuronal functions required for motor axon pathfinding. Vari is a member of the membrane-associated guanylate kinase (MAGUK) family of proteins, members of which can serve as scaffolds to organize signaling complexes. Cher is related to actin filament cross-linking proteins that regulate actin cytoskeleton dynamics. The PDZ domain binding motif found in the most C-terminal region of the Sema-1a ICD is necessary for interaction with Vari, but not Cher, indicative of distinct binding modalities. Pbl/Sema-1a-mediated repulsive guidance is potentiated by both vari and cher. Genetic analyses further suggest that scaffolding functions of Vari and Cher play an important role in Pbl-mediated Sema-1a reverse signaling. These results define intracellular components critical for signal transduction from the Sema-1a receptor to the cytoskeleton and provide insight into mechanisms underlying semaphorin-induced localized changes in cytoskeletal organization.
D
uring neural development axons and dendrites from newly generated neurons are precisely interconnected to form complex neural circuits. The elaborate and complex patterns of neuronal wiring rely on correct guidance of neuronal processes to their appropriate postsynaptic targets (1) . Axons are guided by interactions between the tips of extending axons, called growth cones, and extrinsic guidance cues. Axon pathfinding and target recognition are mediated by guidance receptors expressed on their growth cones that translate a wide range of extrinsic cues into growth cone movements (2) . The cytoskeletal dynamics responsible for growth cone movements are controlled by the combined action of diverse signaling events initiated by these guidance cue receptors (3) . However, we are only now beginning to understand how guidance receptor signaling regulates remodeling of cytoskeletal components to steer growth cones.
Semaphorins (Semas) are a large family of secreted and membrane-bound guidance cue molecules that alter cytoskeletal dynamics, serving as repulsive or attractive signals (4) . More than 20 different semaphorins have been discovered in higher vertebrates, and 5 are found in Drosophila (5). Semas fall into eight classes, and all members contain an evolutionarily conserved Sema domain in their extracellular region that is critical for their association with cognate receptors, including proteins belonging to the plexin (Plex) family (6) . Secreted semaphorins act as ligands to exert their biological functions, whereas some transmembrane semaphorins act as not only ligands (forward signaling), but also as receptors (reverse signaling) (7) . Interestingly, the Drosophila class 1 semaphorin Sema-1a has been shown to mediate forward and reverse signaling, the latter playing an important role in a wide range of cellular responses that include axon-axon repulsion and attraction, central synapse formation, and dendritic targeting (8) (9) (10) (11) . The vertebrate class 6 semaphorins Sema6A-6D are most closely related to Drosophila Sema-1a on the basis of phylogenetic tree analyses (5) . This is consistent with previous observations that vertebrate Sema6A, Sema6B, and Sema6D can mediate reverse signaling during development (12) (13) (14) (15) . It remains to be determined whether the receptor functions of the closely related proteins Sema-1a and vertebrate Sema6s converge on common intracellular mediators.
A growing body of evidence shows that membrane recycling in the form of asymmetric endocytosis and exocytosis is critical for growth cone motility (16) . Endocytic removal of plasma membrane from the cell surface is necessary for certain repulsive growth cone responses, whereas exocytic membrane addition is required for attractive growth cone responses (17) . Regulation of asymmetric membrane recycling in the growth cone is closely associated with localized control of cytoskeletal dynamics and adhesion (16) . For example, axon-axon repulsion mediated by repulsive guidance cue signaling is thought to involve increased endocytosis, cytoskeletal disassembly, and decreased adhesion at axon terminal contact sites. Members of the Rho family of small GTPases play critical roles in growth cone responses to external guidance cues by regulating not only cytoskeletal dynamics, but also membrane recycling (17, 18) . Therefore, it is not surprising that the activity of Rho GTPases is regulated in distinct ways by the four major classes of guidance cues: netrins, Semas, ephrins, and slits (19) . Identifying the mediators of intracellular signaling in response to activated guidance cue receptors and also the molecular links between
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The transmembrane semaphorin Sema-1a functions as a ligand (forward signaling) and as a receptor (reverse signaling). Sema1a reverse signaling plays a critical role in axon-axon repulsion during embryonic neural development. Pebble (Pbl), a Rho guanine nucleotide exchange factor, mediates Sema-1a reverse signaling through the regulation of the actin cytoskeleton by the small GTPase Rho1. Here, we find that two Sema-1a interacting proteins, varicose (Vari) and cheerio (Cher), are required for Pblmediated Sema-1a reverse signaling in Drosophila motor axon pathfinding. The Vari scaffolding function and Cher actin filament cross-linking properties suggest direct linkage between Sema-1a reverse signaling and the actin cytoskeleton. These results provide insight into mechanisms underlying semaphorininduced localized changes in cytoskeletal organization.
guidance signaling pathway and the cytoskeleton is key for understanding neuronal guidance mechanisms.
We previously showed that transmembrane Sema-1a reverse signaling in Drosophila is required for motor axon guidance. Further, Sema-1a-mediated axon-axon repulsion requires the activation of the Rho1 small GTPase through direct association between the cytoplasmic domain of Sema-1a and pebble (Pbl), a Rho guanine nucleotide exchange factor (GEF) that activates Rho proteins by promoting the exchange of bound GDP with GTP (10) . Here, we identify two additional Sema-1a interacting proteins, varicose (Vari) and cheerio (Cher), and we show they are necessary for Pbl-mediated Sema-1a reverse signaling in embryonic motor axon pathfinding. These findings suggest that Sema-1a receptor function is directly coupled to the actin cytoskeleton, and they also provide insight into how these associations contribute to the activation of spatially restricted Rho1-mediated signal transduction cascades by Sema-1a reverse signaling.
Results
The Semaphorin-1a Cytoplasmic Domain Interacts with Varicose and Cheerio. We previously observed that Sema-1a reverse signaling, which is required for motor axon defasciculation during Drosophila embryonic neural development, is promoted by the Rho GEF pebble (Pbl) through interactions with Sema-1a intracellular domain (ICD) residues amino acids (aas) 1-90 (10) (Fig. 1A) . To identify additional mediators of Sema-1a reverse signaling, we conducted a yeast two-hybrid screen using the C-terminal portion of Sema-1a ICD, ICD52 (ICD aa 91-142), as bait (Fig. 1A ) against a Drosophila embryonic yeast two-hybrid cDNA library (20) . Two different clones were identified as ICD52 interactors (Fig. 1B) , and they encoded the long isoform of varicose (Vari LONG ) and the C-terminal region (CR) of cheerio (Cher, referred to here as Cher4.5) ( Fig. 1 A and C) . Drosophila Vari, a member of the membrane-associated guanylate kinase (MAGUK) family of proteins functions during embryonic and postembryonic development (21-23), whereas Drosophila Cher, an actin filament crosslinking protein, is necessary for follicle cell motility (24, 25) and peripheral motor axon guidance (26) .
To determine whether both Vari and Cher interact with Sema1a in vivo, we performed coimmunoprecipitation (Co-IP) experiments using wild-type embryos or embryos that overexpressed HA-Cher4.5 in all neurons. Immunoprecipitation of endogenous Sema-1a led to specific Co-IP of endogenous Vari and also of overexpressed HA-Cher4.5, but not endogenous Cher ( Fig. 1 D  and E) . Given the critical role played by the Sema-1a ICD in Sema-1a reverse signaling (10), these observations raise the possibility that Vari and Cher are involved in intracellular signaling cascades downstream of Sema-1a.
The Semaphorin-1a PDZ Binding Motif Interacts with the Varicose PDZ Domain. To search for regions within the Sema-1a ICD52 that interact with Vari and/or Cher proteins, we took advantage of the eukaryotic linear motif (ELM) resource to search for candidate short linear motifs in the Sema-1a ICD (27) . ELM predicted a class 2 PDZ binding motif within the 52 C-terminal residues of Sema-1a that consists of VKKVYL (amino acids 137-142 of the Sema-1a ICD; Fig. 1A ). The Vari PDZ domain interacts with the C-terminal PDZ binding motif of neurexin IV during septate junction development (21) . Therefore, we investigated whether the Sema-1a PDZ binding motif and the Vari PDZ domain mediate interactions between these two proteins ( Fig. 2 A and B) . A 5xmyc-ICD protein, in which the Sema-1a ICD is N-terminally myc tagged, robustly interacts with fulllength Vari, whereas 5xmyc-ICD[Δ5], in which ICD amino acid residues 138-142 (the putative class 2 PDZ binding motif) are deleted, only weakly interacts with Vari ( Fig. 2 B and C) . These results show that the most C-terminal putative PDZ binding motif of Sema-1a ICD is critical for mediating association with Vari. This is further supported by the observation that ICD52[Δ5], in which ICD amino acid residues 138-142 are deleted, barely interacts with the same Vari clones that we initially recovered as ICD52 interactors (Fig. 1B) . Interestingly, when the Sema-1a ICD is C-terminally myc tagged (ICD-5xmyc), it exhibits a much weaker interaction with Vari compared with the N-terminally tagged version (5xmyc-ICD) ( Fig. 2 B and C) , suggesting that the free C-terminal PDZ binding motif is required for the Sema-1a interaction with Vari. To address whether the Vari PDZ domain is ) and the C-terminal region of cheerio, respectively. (D) Protein-protein interactions between Sema-1a and varicose in vivo. Embryonic lysates from wild-type embryos were coimmunoprecipitated with either antiSema-1a, or IgG as a control, followed by immunoblotting with antibodies directed against Vari or Sema-1a. Vari was recovered from immuoprecipitates (IPs) of Sema-1a and was not from control IPs. The endogenous Sema-1a from embryonic lysates was detected using a longer exposure time (∼40 s compared with 5 s for the rest of D) and is presented in separate panel (Lower Left). (E) Protein interactions between Sema-1a and Cher4.5 in vivo. Lysates derived from embryos overexpressing 3xHA-Cher4.5 specifically in neurons were coimmunoprecipitated with either anti-Sema-1a, or anti-GFP as a control, followed by immunoblotting with anti-HA and anti-Sema-1a. The 3xHA-Cher4.5 was recovered from IPs of Sema-1a but was not recovered from control GFP IPs. Asterisk indicates nonspecific protein bands.
responsible for association with the Sema-1a ICD, we generated two truncated forms of Vari: one that lacks the PDZ domain (3xHA-Vari [ΔPDZ] ) and the other that only expresses the Vari PDZ domain (3xHA-PDZ Vari ) ( Fig. 2A) . We observed a significant reduction in 5xmyc-ICD binding to 3xHA-Vari[ΔPDZ] (Fig. 2C) . Furthermore, the PDZ domain alone does not interact with Sema1a ICD derivatives (Fig. 2C) . Given the crucial role of the Sema-1a PDZ binding motif in mediating association with Vari, these data demonstrate that the Vari PDZ domain is not sufficient, but it is necessary, to form a complex with the Sema-1a ICD through the Sema-1a PDZ binding motif. has a premature stop codon in place of glutamine residue 179 (Q179Stop); and the vari 48EP P-element excision allele removes ∼4.7 kb of vari genomic DNA, which is required to encode all Vari protein domains (21) (22) (23) (Fig. 1A and Fig. S1A ). In wildtype embryos, intersegmental nerve b (ISNb) motor axons first defasciculate from the ISN and then innervate their ventrolateral muscle targets, including muscles 6/7 and muscle 12 (28) (Fig. 3A) Fig. 3 B and E). vari 327 homozygous mutants displayed 23% total segmental nerve a (SNa) and 11% total ISN defects, but not FasII + CNS longitudinal tract guidance defects (Fig. S2) . Vari protein isoforms were reported to be mainly expressed in peripheral glial cells but not in the peripheral nervous system (PNS) (22 
, and they are distinguished by the presence or absence of the L27 domain, respectively (21) (Fig. 1A) . Expression of vari LONG in glial cells using the Repo-GAL4 driver (29) increased motor axon defasciculation defects compared with those seen in vari 327 mutants (58% of hemisegments; Fig. 4 ). Similar penetrance of these defects was observed in vari 327 mutant embryos expressing vari LONG in neurons by Sca-GAL4, which is expressed in all neuroblasts and their progeny (30) . Based on data from targeted misexpression of gcm in the embryonic neuroectoderm, Sca-GAL4 is expressed in ∼90% of the Elav + cells in the CNS at stage 15/16 (31) . However, expression of vari LONG in postmitotic neurons and some glial cells using Elav-GAL4 (32, 33) led to significant rescue of the vari 327 mutant phenotypes (22% of hemisegments; Fig. 4 ). As expected, expression of vari[ΔPDZ] using Elav-GAL4 did not restore the vari 327 guidance defects (42% of hemisegments; Fig. 4 ). This difference between Sca-GAL4-and Elav-GAL4-mediated rescue indicates that Vari guidance function requires vari expression in postmitotic differentiated neurons rather than in neuroblasts and glial cells (30) (31) (32) (33) . We also found that expression of vari LONG in glutamatergic neurons, which comprise most motoneurons and ≈6 glutamatergic interneurons per hemisegment in the ventral nerve cord (34), using the OK371-GAL4 driver significantly rescued the vari 327 guidance defects (Fig. 4) . Similarly, when vari gene expression was knocked down by overexpression of a vari RNAi[28599] transgene using Elav-GAL4, ISNb axons exhibited moderate defasciculation defects (38% of hemisegments; Fig. 4) . Interestingly, we found that expression of vari SHORT , which lacks the L27 domain but still contains the PDZ domain, using Elav-GAL4 did not significantly restore the vari 327 mutant phenotypes (39% of hemisegments; Fig. S4 ). These results suggest that neuronal function of the vari LONG isoform, rather than vari SHORT , is required postmitotically for motor axon pathfinding.
Neuronal Cheerio Is also Required for Motor Axon Pathfinding. We also found Sema-1a ICD regions required for interaction between Sema-1a and Cher and observed that Cher associates with Sema1a ICD52 [Δ5] , showing that the Sema-1a PDZ-binding motif is not critical for this interaction (Fig. 1B) . To determine whether cher plays a role in motor axon pathfinding in vivo, we examined embryos homozygous for cher 1 , cher
Δ5
, and cher Q1042X (Fig. S1B) . The cher locus produces two transcripts that encode both long Cher (Cher LONG ; Fig. 1A ) and a short Cher protein isoforms (Cher SHORT ) (24) . The molecular nature of mutations in the cher 1 allele has not been clearly characterized, but this mutation robustly reduces expression of Cher LONG (24) . The cher Δ5 mutation, in which ∼2.5 kb of cher genomic sequence including the first exon are deleted, also led to a significant reduction in Cher LONG expression (25) (Fig. S1B ). In addition, the cher Q1042X mutation, which contains a stop codon in the ninth repeat, produces the truncated form of Cher that lacks repeats 10-20 (25) (Fig. 1A and Fig. S1B ). We found that both hypomorphic cher 1 and cher Δ5 alleles exhibited highly penetrant axon pathfinding defects (70% and 73% of hemisegments, respectively; Fig. 3 C and E), as did cher Q1042X mutant embryos, which showed severe axon pathfinding defects in all hemisegments ( Fig. 3 D and E) . In the case of cher Q1042X mutant embryos, however, abnormal development of ventrolateral muscles is most likely responsible for these guidance defects (Fig. S3F) . However, ventrolateral muscle development in both cher 1 and cher
alleles is apparently normal with respect to muscle fiber size, shape, and position ( Fig. S3 D and E). cher 1 homozygous mutants showed 20% total SNa and 10% total ISN defects, whereas cher Δ5 null mutants exhibited 29% total SNa and 50% total ISN defects (Fig. S2) . In both cher 1 and cher Δ5 alleles, no FasII + CNS longitudinal tract guidance defects were observed (Fig. S2) . To determine whether expression of Cher can rescue ISNb motor axon guidance defects, cher LONG was expressed in neurons using the Sca-GAL4 driver. Neuronal expression of cher LONG significantly restored the guidance defects observed in cher Δ5 mutants (34% of hemisegments; Fig. 4) . Expression of cher LONG in glutamatergic neurons using OK371-GAL4 also resulted in a significant rescue of cher Δ5 guidance defects (Fig. 4) . Moderate but significant rescue was observed in cher Δ5 mutant embryos expressing cher LONG under the control of Elav-GAL4 (48% of hemisegments; Fig. 4 ). In addition, neuronal expression of cher LONG in embryos transheterozygous for cher Q1042X and cher NP6597 (a GAL4 enhancer trap line) (35) , rescued the ISNb guidance defects (50% and 18% of hemisegments in cher Q1042X / cher NP6597 and UAS-cher LONG ; cher Q1042X /cher NP6597 , respectively) (Fig. 4) . Furthermore, knockdown of cher using cher RNAi [26307] and Elav-GAL4 resulted in increased ISNb axon pathfinding defects (34% of hemisegments; Fig. 4 ). These findings demonstrate that neuronal function of cher is necessary for motor axon pathfinding.
Semaphorin-1a-Mediated Axon Guidance Is Positively Regulated by
Varicose and Cheerio. To explore the functional roles played by Vari and Cher in Sema-1a-mediated motor axon guidance, we examined genetic interactions among vari, cher, and Sema-1a. When a Sema-1a mutant allele was introduced into vari 327 heterozygotes, total ISNb defects significantly increased compared with embryos heterozygous for vari 327 (Fig. 5) . Embryos harboring the vari 48EP null allele also exhibited similar types of genetic interactions (Fig. S5 ). In addition, we observed a significant increase in total ISNb guidance defects in cher Q1042X /Sema-1a PI transheterozygotes compared with those of either cher Q1042X or Sema-1a PI heterozygotes (Fig. 5) . The hypomorphic cher Δ5 allele also interacts with the Sema-1a null allele in a positive manner (Fig. S5) . However, neither the vari 327 nor cher Q1042X alleles genetically interact with the Sema-2a B65 null allele (Fig. 5) , even though Sema-2a plays an important role in both CNS and PNS axon guidance during embryonic neural development (36, 37) . Furthermore, when vari 327 and cher Q1042X alleles were combined in transheterozygous configuration, we observed a synergistic increase in total ISNb guidance defects, demonstrating genetic interactions between vari 327 and cher Q1042X (Fig. 5) . Similar genetic interactions were also observed in embryos transheterozygous for vari R3 and cher Q1042X (Fig. S5 ). In conjunction with our observations of protein-protein interactions between Vari and Sema-1a, and also between Cher and Sema-1a, these genetic interaction data suggest that Vari and Cher act together to regulate Sema-1a-mediated axon guidance.
Varicose and Cheerio Are Necessary for Pebble-Mediated Semaphorin-1a
Reverse Signaling. Transmembrane Sema-1a functions as a ligand for PlexA, and it also serves as a receptor for secreted semaphorins and unknown ligand(s) (10, 38, 39) . Both ligand and receptor Sema-1a functions are required for Sema-1a-mediated ISNb motor axon pathfinding (10) . We have previously shown that the Sema-1a receptor participates in reverse signaling and is positively regulated by pebble (Pbl; a Rho guanine nucleotide exchange factor) to mediate repulsive guidance responses (10) . To investigate whether Vari is involved in Pbl-mediated reverse Sema-1a signaling, we performed genetic interaction experiments using loss-of-function (LOF) alleles of vari and pbl. When the pbl 2 null allele was introduced into vari 327 mutant embryos in transheterozygous configuration, ISNb guidance defects increased significantly from 17 to 43%, supporting the idea that Vari is also a mediator of Sema-1a reverse signaling (Fig. 5) . To further address this issue we took advantage of gain-of-function (GOF) genetic assays dependent on Sema-1a/Pbl-mediated reverse signaling (10) . In these GOF paradigms, coexpression of HA-pbl and Sema-1a transgenes using the Elav-GAL4 driver increased ISNb motor axon defects from 23 to 47%, FasII + longitutinal tract CNS defects from 0.5 to 24%, and ectopic axon crossing of the CNS midline phenotypes from 0.0 to 2.0 crossings per embryo (all compared with overexpression of HApbl alone) (Fig. 6 ). These synergistic GOF effects are dependent on protein interactions between Pbl and Sema-1a (10), and thus these synergistic PNS and CNS defects were not observed in embryos coexpressing HA-pbl and Sema-1a[Δ1-40], which lacks amino acids 1-40 and impairs protein association with HA-pbl (Fig. 6 A, D, and  E) . Interestingly, coexpression of Sema-1a-5xmyc, in which Sema1a harbors a C-terminal myc tag, with HA-pbl exhibited hardly any synergistic GOF effects in either PNS or CNS axon guidance (Fig. 6  D and E) . Similarly, in embryos coexpressing Sema-1a[Δ5] (in which the Sema-1a PDZ binding motif is deleted) and HA-pbl, synergistic GOF effects in ISNb axons were not observed, while FasII + longitutinal CNS defects and midline crossing phenotypes increased only slightly above HA-pbl overexpression alone (Fig. 6 D  and E) . In addition, we found that embryos coexpressing Vari LONG and Sema-1a under the control of Elav-GAL4 showed 20% total ISNb defects (n = 113), which is similar to the penetrance of ISNb guidance defects observed in embryos expressing Sema-1a alone (21% total ISNb defects in Fig. 6D ) and indicates there are no synergistic GOF effects in PNS axon guidance in this genetic background. Both of these altered Sema-1a proteins (Sema-1a-5xmyc and Sema-1a[Δ5]) exhibited a large reduction in Vari binding to the Sema-1a ICD, but not in Pbl binding to the Sema1a ICD (Fig. 2) . Since we observe greatly reduced synergistic interactions between Pbl and these two Sema-1a mutant proteins, these data strongly suggest that both Vari and the Sema-1a PDZ binding motif are required for Pbl-mediated Sema-1a reverse signaling.
To further address this model, we examined these Sema-1a mutant transgenes for their ability to rescue ISNb and CNS guidance defects observed in homozygous Sema-1a mutant embryos. All transgenic flies harboring these Sema-1a derivatives were generated by ϕC31 site-specific integration into the same landing site to minimize position effects (40) (Fig. 6A ; see Materials and Methods). Highly penetrant ISNb and CNS guidance defects in Sema-1a mutants were rescued by neuronal expression of the wild-type Sema-1a transgene (Fig. 7A) . As expected (10), neuronal expression of Sema-1a[Δ1-40] led to rescue of Sema-1a CNS defects, but it did not rescue Sema-1a ISNb defects (Fig.  7A) . Consistent with our previous findings (10), we observed that Pbl binding to the Sema-1a ICD is essential for Sema-1a reverse signaling, which is required for Sema-1a-mediated ISNb axon guidance but not for CNS axon guidance. Interestingly, neuronal expression of either Sema-1a-5xmyc or Sema-1a[Δ5], Sema-1a mutations that do not affect protein-protein interactions with Pbl (Fig. 2C) , resulted in rescue of CNS guidance defects and also modest rescue of ISNb defects (Fig. 7A ). Taken together with our biochemical analyses and GOF genetic interaction data, these observations suggest that neuronal Vari functions through a direct interaction with the Sema-1a PDZ domain-binding motif to contribute to Pbl-mediated Sema-1a reverse signaling.
We next asked whether Cher is involved in Pbl/Vari-mediated Sema-1a reverse signaling using similar genetic interaction experiments. When either a pbl 2 or pbl 5 null allele was introduced into cher Q1042X mutant embryos, the transheterozygotes showed a moderate increase in ISNb guidance defects (pbl 2 from 24 to 38%, P = 0.02, χ 2 test; and pbl 5 from 24 to 53%, P < 0.001, χ 2 test) ( Fig. 5 and Fig. S5 ). Importantly, we also find that cher genetically interacts with vari with respect to ISNb guidance ( Fig.  5 and Fig. S5 ). These genetic interaction results, in combination with the protein-protein interactions we observe between Cher and the Sema-1a ICD, support a model in which Cher is also necessary for Pbl/Vari-mediated Sema-1a reverse signaling. 5 . Genetic interactions among varicose, cheerio, Sema-1a, and pebble mutants. Removing one copy of vari or cher enhances the modest ISNb defects observed in heterozygous mutant for Sema-1a (*P = 0.05 and ***P < 0.001, χ 2 test). In addition, removing one copy of pbl enhances the mild ISNb defects seen in mutants heterozygous for either vari or cher (***P < 0.001 and **P = 0.02, χ 2 test). Total ISNb defects in embryos transheterozygous for vari and cher are greater than those observed in either vari or cher heterozygous embryos (***P < 0.001, χ 2 test). Neither vari 327 nor cher Q1042X interacts with the Sema-2a B65 null allele ( † P > 0.4, χ 2 test). n = number of abdominal hemisegments scored for each genotype.
Mouse Class 6 Semaphorins Differentially Bind to Mammalian Orthologs
of Both Varicose and Cheerio. To address whether Sema-1a associations with both Vari and Cher are phylogenetically conserved, we asked whether or not murine class 6 semaphorins Sema6A-6D interact with Mpp6 and three filamin family members (FlnA, FlnB, and FlnC), the mammalian orthologs of Vari and Cher, respectively. We found that the Sema6A ICD indeed does bind to the CRs of FlnA, FlnB, and FlnC, which contain the last four FLN repeats, and also to the full-length Mpp6 in 293T cells in vitro (Fig. 8A) . The Sema6B ICD also interacts with truncated FlnA, FlnB, and FlnC, but not with Mpp6 (Fig. 8B) . In addition, Sema6C interacts robustly with FlnA CR and weakly with FlnB CR, but not with FlnC CR and Mpp6 (Fig. 8C) . However, Sema6D only binds to FlnC CR and not to any of the other Vari and Cher mammalian orthologs (Fig. 8D) . These Sema6 interactions with Flns and Mpp6 raise the possibility that select association between Flns and Mpp6 with mouse class 6 transmembrane Semas are involved in Sema6-mediated reverse signaling in mammals.
Discussion
In this study we investigate the signaling mechanisms used by transmembrane semaphorins, here Drosophila Sema-1a, to influence neuronal guidance events during Drosophila neural development. We find that two Sema-1a interacting proteins, varicose (Vari) and cheerio (Cher), play an important role in embryonic motor axon pathfinding. Furthermore, neuronal Vari and Cher modulate Rho GTPase signaling downstream of Sema1a-mediated reverse signaling. These results provide insight into the direct linkage between axon guidance receptors and the cytoskeleton, and they suggest how this association contributes to spatially restricted cytoskeletal reorganization during neural development.
Functional Role of Varicose in Motor Axon Guidance. Drosophila Vari was initially described as a MAGUK protein that organizes septate junctions of ectodermally derived epithelia by linking adhesion and signaling molecules to the cytoskeleton (23, 41) . Consistent with these observations, Vari expression was detected 
Elav(3E)> Sema-1a
Elav(3E)> Sema-1a-5xmyc in septate junctions of epithelial and peripheral glial cells, but not in neurons, during embryonic development (22) . We also failed to detect vari mRNAs and Vari expression in embryonic motor axons through in situ hybridization and immunohistochemistry using rat Vari polyclonal antibodies. However, Vari expression was observed in a subset of neuroblasts and differentiated neurons in the larval and adult nervous systems (22) . We identify Vari in this present study as a Sema-1a interacting protein, and previous work shows that Sema-1a is robustly expressed on motor and CNS axons (38) , raising the possibility that Vari functions in neurons. Indeed, loss of Vari caused defasciculation defects in the ISNb motor axon pathway. These guidance defects were rescued by expression of vari LONG in neurons using the Elav-GAL4 and OK371-GAL4 drivers, suggesting that neuronal Vari is required for ISNb motor axon guidance. This is further supported by our finding that expression of vari LONG in glial cells using Repo-GAL4 does not rescue the vari mutant ISNb phenotypes. MAGUK-containing junctional complexes have been shown to play an essential role in sensing the surrounding extracellular environment and in defining structural boundaries at sites of cell-cell contact (26) . Therefore, the neuronal requirement for Vari we find in motor axon pathfinding suggests that Vari is involved not only in mediating interactions among motor axons or between innervating axons and their target muscles, but also in response to external stimuli.
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Vari is characterized by the presence of single L27, PDZ, SH3, HOOK, and GUK domains (41) (Fig. 1A) . All of these domains serve as protein-protein interaction modules that are essential for MAGUK protein scaffolding functions (26 and vari R3 lead to the deletion of both the HOOK and GUK domains and also a five-aa deletion in the SH3 domain (21, 23) , our data suggest that the SH3, HOOK, and GUK domains are required for Vari guidance functions in the ISNb pathway. The L27 domain found in some MAGUKs mediates the assembly of supramolecular complexes that are essential for cell polarization (41) . We observed that vari guidance defects were rescued by Elav-GAL4-mediated expression of L27 domain-containing Vari LONG but not Vari SHORT , which lacks the L27 domain, underscoring the importance in vivo of the L27 domain in ISNb motor axon guidance. In contrast, this L27 domain is dispensable for Vari functions in septate junctions of epithelial cells (23) . Taken together, our results strongly suggest that all of the Vari protein-protein interaction Rescue of the motor and CNS axon guidance defects observed in Sema-1a null mutants with modified Sema-1a transgenic constructs. Embryos with indicated genotypes were scored for the frequency of total ISNb defects (closed bars) and total CNS defects (gray bars) (*P < 0.001 and † P = 0.63, χ 2 test). n = number of hemisegments scored for total ISNb defects and total CNS defects. (B) Proposed model for the control of axon-axon repulsion by the coordinated action of several intracellular signaling mediators downstream of the Sema-1a receptor. Vari, a MAGUK domain-containing protein, can organize signaling complexes, including the Sema-1a receptor and other guidance cue molecules at axon-axon contact sites. Protein-protein interactions between Vari and Sema-1a suggest that the scaffolding functions of Vari contribute to Sema-1a reverse signaling through the regulation of membrane trafficking, localization, and/or clustering of Sema-1a. Cher, an actin-binding protein, can serve as an intracellular signaling scaffold of the Sema-1a receptor by linking and coordinating Sema-1a/Pbl-induced activation of Rho1 so as to localize reorganization of the actin cytoskeleton. Taken together, the scaffolding functions of both Vari and Cher likely collaborate with Pbl to mediate Sema-1a-induced axon-axon repulsion resulting from increased endocytosis, cytoskeletal disassembly, and decreased adhesion. (24) . FlnA is highly expressed in migratory neurons present in the developing ventricular and subventricular zones (43) . Loss of FlnA function causes periventricular heterotopia characterized by an impairment in neuronal migration (44) . In addition, FlnA-deficient human melanoma cells exhibit impaired locomotion (45) . Recently, Caenorhabditis Fln-1, a FlnA ortholog, was shown to be required for Sema3A-mediated repulsive response in DD/VD motor neurons (46) . Further, Cher, a Drosophila member of the filamin family, is required for follicle cell migration (25) . These observations show that filamins play an essential role in cell motility. We find here that Cher is also required for growth cone motility during neural development. Loss of cher function results in highly penetrant motor axon guidance defects during development of the embryonic ISNb pathway. These defects appear to result from impaired Cher functions in both repulsive axon guidance and muscle development. A Cher-mediated repulsive axon guidance function is supported by the defasciculation defects we observed in cher LOF mutants and also by synergistic genetic interactions between cher and Sema-1a. Reintroducing Cher into subsets of neurons using Elav-GAL4, Sca-GAL4, and OK371-GAL4 drivers robustly restored cher guidance defects. In addition, RNAi-mediated knockdown of cher by Elav-GAL4 resulted in ISNb axon guidance defects similar to those observed in cher LOF mutants. The GAL4 enhancer trap line, cher
NP6597
, which robustly rescued the ISNb guidance defects observed in cher Q1042X /cher NP6597 transheterozygotes, drives reporter gene expression in a subset of CNS neurons (Fig. S6 A and B) . This expression pattern is similar to that of endogenous Sema-1a in the CNS (Fig. S6C) . Interestingly, mouse FlnA was shown to be localized in Sema3A-stimulated DRG axon growth cones (46) . These findings strongly suggest that neuronal Cher is responsible for repulsive guidance functions in ISNb motor axon pathfinding. cher has previously been implicated in normal ISN motor axon pathfinding (26) , and we also observe that cher LOF mutations lead to motor axon guidance defects in the ISN and SNa pathways (Fig. S2) , supporting a critical role for Cher in peripheral motor axon guidance.
Regulation of Varicose and Cheerio in Sema-1a Reverse Signaling. In embryonic ISNb motor axon pathways, transmembrane Sema-1a mediates forward and reverse signaling, and Sema-1a reverse signaling together with the receptor function of PlexA contribute to selective axon-axon repulsion at specific motor axon trajectory choice points (10) . Pebble (Pbl) is instrumental in mediating Sema-1a reverse signaling through the regulation of the small GTPase Rho1, and GOF studies in combination with our observation of protein-protein association between the cytoplasmic domain of Sema-1a and Pbl strongly suggest that these interactions directly facilitate in Rho1 activation (10) . In support of this idea, we observed that deletion of 40 aa in the Sema-1a ICD (ICD residues 1-40), which is required for association with Pbl (10), abolishes the ability of Sema-1a to rescue Sema-1a mutant ISNb phenotypes (Fig. 7A ) and also abrogates synergistic GOF effects in both PNS and CNS axon guidance observed when Sema-1a and HA-Pbl are coexpressed (Fig. 6 D and E) . In cultured Drosophila cells, the activation of Rho1 induces a dramatic reduction in cell size, which may reflect increased endocytosis and cytoskeletal disassembly, whereas RNAi-mediated depletion of Rho1 increases cell size (10, 47) . In developing epithelial cells, Rho1 controls cytoskeletal organization, cell-cell adhesion and endocytosis (48) (49) (50) (51) . A growing body of evidence shows that Rho1 is tightly linked to repulsive growth cone responses induced by diverse guidance cue molecules, including semaphorins and plexins (18, 52) . Taken together, all of these observations strongly suggest that Rho1 is a key mediator of Sema-1a reverse signaling and is required to elicit axon-axon repulsion (Fig. 7B) .
Here, we show that Vari and Cher bind specifically to the C-terminal region of the Sema-1a ICD protein (ICD residues 91-142). However, Vari and Cher barely interact with Pbl in cultured cells. ISNb motor axon defasciculation defects observed in both vari and cher mutants indicate that Vari and Cher are indeed required for axon-axon repulsion that is robustly controlled by Sema-1a bidirectional signaling at specific choice points (10) . We find that vari 327 and cher Δ5 mutant alleles do not affect specification of dorsally projecting motoneurons (Fig. S7) . Furthermore, the lack of FasII + CNS longitudinal tract guidance defects in both vari and cher mutant embryos (Fig. S2) is consistent with the observation that Sema-1a reverse signaling contributes very little to FasII + CNS axon guidance (10) . Note that in commissural neurons of the Drosophila CNS, Sema-1a reverse signaling contributes independently of Pbl to midline crossing (53) Yeast two-hybrid and biochemical data show that the Sema-1a PDZ binding motif (ICD residues 137-142) is required for protein interactions with Vari, but not with Cher. When Sema-1a[Δ5], in which the Sema-1a PDZ binding motif is deleted, is coexpressed with HA-Pbl, the synergistic GOF effects on both PNS and CNS axon guidance are robustly suppressed. Similar suppression was also observed following coexpression of Sema-1a-5xmyc, in which Sema-1a is C-terminally myc tagged. In addition, neuronal expression of Sema-1a[Δ5] and Sema-1a-5xmyc partially rescues ISNb guidance defects observed in Sema-1a null mutants. Given that both deletion of the PDZ binding motif, and also C-terminal Myc tagging, does not affect protein-protein interactions between Sema-1a and Pbl, these findings suggest that the Sema-1a PDZ binding motif and also Vari association with Sema-1a are necessary for Pbl-mediated Sema-1a reverse signaling. This idea is further supported by genetic interactions among vari, Sema-1a, and pbl. When a vari null allele is combined with one copy of Sema-1a or pbl, the resulting transheterozygous embryos show increased ISNb guidance defects. However, vari 327 and Sema-1a PI homozygous double mutants show highly penetrant ISNb defect, but with a penetrance similar to Sema-1a PI single null mutants, indicating that Sema-1a functions in the same signaling pathway as Vari (Fig. S8 ). We were unable to detect expression of Vari in the Drosophila DmBG2-c2 cell line, and so we could not perform cell contraction assays similar to those we used previously to investigate Pbl functions in Sema-1a-mediated repulsion (10) using DmBG2-c2 cells as a model to examine the function of Vari in Sema-1a reverse signaling.
What is a functional role of Vari in mediating Sema-1a reverse signaling? The expression levels and localization of endogenous Sema-1a in vari homozygous mutant embryos are very similar to those in wild-type embryos, indicating that the Sema-1a expression, localization, or stability does not appear to depend on Vari (Fig. S9 A-C) . Since Vari is a multidomain scaffolding protein, and since each domain is essential for Vari motor axon guidance functions, it is likely that Vari's scaffolding functions are required for Pbl-mediated Sema-1a reverse signaling. Vari may serve to organize Sema-1a receptors, other guidance cue molecules, and possibly their intracellular signaling mediators into macromolecular protein complexes at cellular junctions to integrate responses to multiple axon guidance and target recognition cues (Fig. 7B) .
Cher also binds specifically to the Sema-1a cytoplasmic domain, but this association does not require the Sema-1a PDZ binding motif. Cher does not appear to be necessary for the Sema-1a expression, localization, or stability ( Fig. S9 A and D) . In addition, we find that cher genetically interacts with not only Sema-1a, but also with pbl. These biochemical and genetic results strongly suggest that Cher axon guidance functions contribute to Pbl-mediated Sema-1a reverse signaling. Genetic analysis with cher Δ5 and Sema-1a PI homozygous mutants also support the idea that Cher acts as an intracellular mediator of Sema-1a signaling (Fig. S8) . To further investigate this model, we attempted to take advantage of cell contraction assays in Drosophila DmBG2-c2 cells (10) , depleting endogenous Cher in these cells, and we observed that the average size of these cells was decreased. Though this shows that Cher positively influences the control of cell size, we did not observe a significant effect of Cher expression on Pbl enhancement of Sema-1a-induced cell contraction. We suspect that this is due to dual opposing functions of Cher in controlling cell size (46) . Further investigation in different in vitro cell models will better address how Cher is integrated into Sema-1a reverse signaling pathways. We show here that mammalian Flns differentially bind to mouse Sema6s. Flns bind to over 90 proteins including actin filaments, transmembrane receptors, and intracellular signaling molecules (54) . For example, FlnA physically interacts with Rho family of small GTPases such as Rho1, Rac1, and Cdc42 (55) . Through the activation of Rho-associated protein kinase (ROCK) Rho1 regulates actomyosin-mediated contractility, which plays a critical role in growth cone collapse/retraction (56) . The formation of membrane-tethered parallel actomyosin bundles and their contractility is controlled by Flns in a concentration-dependent manner (57) . From these results, we conclude that Cher serves to couple transmembrane Sema-1a to the actin cytoskeleton and also to localize the Rho1 GTPase in close proximity to Sema-1a and the actin network (Fig. 7B) . On the other hand, we observe robust genetic interactions between cher and vari in motor axon pathfinding, indicative of their cooperative relationship in vivo. To date no MAGUK proteins have been found to be filamin binding partners (54) . Therefore, it is possible that Cher and Vari are indirectly connected to each other and that their scaffolding functions collaborate to integrate diverse signaling pathways mediated by cell adhesion and axon guidance molecules in actin cytoskeleton regulation. It will be important to determine whether Cher and Vari are interconnected, and if so, how this coordinates diverse signaling events that include Sema-1a reverse signaling to steer neuronal growth cones during neural circuity assembly. (25) ; Elav(3E)-GAL4 (32); Sca-GAL4 (30); and Repo-GAL4 (29) . Phenotypic characterization of axon guidance defects were performed as described previously (38) . More than 12 independent embryos were analyzed for axon guidance defects.
Materials and Methods
Drosophila
Expression Constructs and Mutagenesis. The 5′ region of a vari EST clone RH61449 was replaced by a NotI-BglII fragment from a different vari EST clone RE31492 due to a deletion mutation found in the RH61449 clone. varicose ORF from this recombinant EST clone was subcloned into a customized version of pUAST (pUAST-3xHA) to generate UAS-3xHA-Vari (58). We created an internally deleted construct UAS-3xHA-Vari[ΔPDZ] that lacks amino acids 158-259 of Vari (GenBank: AAN11089.3), and a UAS-3xHA-PDZ Vari that only encodes amino acids
